Copper sulfate (CuSO 4 ) has been widely used as an algicide to control harmful cyanobacterial blooms (CyanoHABs) in freshwater lakes. However, there are increasing concerns about this application, due mainly to the general toxicity of CuSO 4 to other aquatic species and its long-term persistence in the environment. This study reported the isolation and characterization of two natural algicidal compounds, i.e., tryptamine and tryptoline, from Streptomyces eurocidicus JXJ-0089. At a concentration of 5 g/ml, both compounds showed higher algicidal efficiencies than CuSO 4 on Microcystis sp. FACHB-905 and some other harmful cyanobacterial strains. Tryptamine and tryptoline treatments induced a degradation of chlorophyll and cell walls of cyanobacteria. These two compounds also significantly increased the intracellular oxidant content, i.e., superoxide anion radical (O 2 ؊ ) and malondialdehyde (MDA), but reduced the activity of intracellular reductants, i.e., superoxide dismutase (SOD), of cyanobacteria. Moreover, tryptamine and tryptoline treatments significantly altered the internal and external contents of microcystin-LR (MC-LR), a common cyanotoxin. Like CuSO 4 , tryptamine and tryptoline led to releases of intracellular MC-LR from Microcystis, but with lower rates than CuSO 4 . Tryptamine and tryptoline (5 g/ml) in cyanobacterial cultures were completely degraded within 8 days, while CuSO 4 persisted for months. Overall, our results suggest that tryptamine and tryptoline could potentially serve as more efficient and environmentally friendly alternative algicides than CuSO 4 in controlling harmful cyanobacterial blooms.
H
armful cyanobacterial blooms (CyanoHABs) have become a global phenomenon and are occurring with increasing intensity, area of infection, and frequency (1) . One danger that CyanoHABs have posed to the environment and human health is the production and release of cyanotoxins. The most frequently detected cyanotoxins in freshwater systems are microcystins (MCs), a group of potent liver toxins (2, 3) . An MC contamination incident in 1996 caused the death of 53 patients in Caruaru, Brazil (4) . A more recent MC contamination event in the public water system of Toledo, OH (USA), caused a drinking water crisis that impacted about a half million residents (reported by NBC News). Over 90 variants of MCs have been identified so far (3, 5) , among which microcystin-LR (MC-LR) is the most common and toxic. MC-LR accounts for 45.5 to 99.8% of the MCs in bloom-impacted natural waters (6) and 57% of MCs produced by Microcystis aeruginosa cultures (7) . Therefore, MC-LR often serves as the model for studies related to microcystin production, degradation, and toxicity (2, (4) (5) (6) (7) (8) .
Copper sulfate (CuSO 4 ) has a long history of being used as an algicide to treat nuisance algal blooms, including CyanoHABs (9). However, the application of CuSO 4 has disadvantages, such as secondary pollution and low selectivity toward toxic cyanobacteria (10) . Therefore, development of more effective and environmentally friendly treatments is required.
Natural products, particularly indole derivatives, have shown algicidal properties on cyanobacteria. For example, gramine, which has been extracted from a number of higher plants (11) (12) (13) , can inhibit the growth of M. aeruginosa (14) . Bacillamides that are produced by Thermoactinomyces (15, 16) , Bacillus (17) (18) (19) , and Microbispora aerata (20) have shown selective lytic effects on Microcystis aeruginosa, Aphanizomenon gracile, Anabaena circinalis, and Anabaenopsis circularis (21) . Alkaloid 12-epi-hapalindole F, which has been isolated from the filamentous cyanobacterium Fischerella sp. CENA 19, can inhibit the growth of Microcystis and Synechococcus (22) . Three ␤-carbolines (harmane, norharmane, and norharmalane) that have been isolated from Pseudomonas (23) and the cyanobacterium Nodularia harveyana (24, 25) have shown algicidal activity against Microcystis, Anabaena, and Oscillatoria (25) . Tryptamine, a product of tryptophan decarboxylation in plants (26) , has shown selective algicidal activity against Aphanizomenon, Anabaena, and Microcystis (27) .
Algicidal compounds inhibit cyanobacterial growth mainly by interfering with the morphology and physiology of cyanobacteria. For example, lysine can cause severe damage to the cell wall of M. aeruginosa (28) ; tryptamine and gramine can reduce chlorophyll a (Chl-a) content, degrade superoxide dismutase (SOD), and induce the production of reactive oxygen species (ROS) and malondialdehyde (MDA) in cyanobacterial cells (14, 27) . Some algicidal compounds, such as amoxicillin and spiramycin, can also affect intracellular cyanotoxin synthesis (7) .
In the present study, we report the isolation and identification of Streptomyces eurocidicus JXJ-0089 and its two algicidal compounds. Streptomyces species produce the largest number of bioactive microbial metabolites (29) , many of which are algicides. These include lysine (28) , niromycin A (30), anthracidin (31) , nanaomycin A methyl ester (32) , spiramycin (33) , triterpenoid saponin (34) , and some unknown proteins (35) . Our study extended the above list to include two more indole alkaloids, i.e., tryptamine and its metabolite tryptoline (36). CyanoHAB strains (FACHB-245,  FACHB-252, FACHB-905, FACHB-1092, FACHB-1112, FACHB-1171,  FACHB-1284 , and FACHB-1285) that are commonly found in CyanoHABs were obtained from the Freshwater Algae Culture Collection at the Institute of Hydrobiology (FACHB collection), Chinese Academy of Sciences (http://algae.ihb.ac.cn/english/Cultrues.aspx). The organisms were cultured in HGZ medium at 25°C with an illumination of 30 to 50 mol photon/m 2 /s in a 12-h light/dark cycle as described previously (37) . The culturing media and conditions were the same for all cyanobacterial cultures used in this study unless otherwise noted.
MATERIALS AND METHODS

Cyanobacterial liquid cultures. Eight
Morphology and 16S rRNA gene sequence analyses of cyanobacteria. The morphology of the tested cyanobacteria was observed by using light microscope (Olympus BX43, Tokyo, Japan) and scanning electron microscopy (Vega Iitescna, Brno, Czech Republic). Genomic DNAs of these cyanobacterial strains were isolated, and the 16S rRNA genes were amplified using primers F1 (5=-TTGATCCTGGCTCAGGATGA-3=) (38) and 1480 (5=-AGTCCTACCTTAGGCATCCCCCTCC-3=) (39) . PCR amplifications were performed in a volume of 50 l containing 1 l genomic DNA, 1 U Taq DNA polymerase (TaKaRa, Japan), 1ϫ PCR buffer with 2.5 mM MgCl 2 , 1 l of each primer, and 200 mM concentrations of each deoxyribonucleoside triphosphate (dNTP). PCR was performed in a T100 thermal cycler (Bio-Rad, USA). The amplification program was set at 95°C for 5 min, followed by 40 cycles of 95°C for 50 s, 57°C for 50 s, and 72°C for 1.5 min and a final extension at 72°C for 5 min. PCR amplicons were sequenced by the Shenggong Company in Shanghai, China. The resultant 16S rRNA gene sequences were analyzed as described previously (40) , and the neighbor-joining (41) phylogenetic tree was constructed using the MEGA version 5 (42), with bootstrap values based on 1,000 replications (43) .
Cyanobacterial lawn preparation. Microcystis, the most common genus of bloom-causing cyanobacteria (44) , was used as the model in lawn assays to screen for algicidal actinomycetes and compounds. One hundred milliliters of Microcystis sp. FACHB-905 culture (ϳ5 ϫ 10 7 CFU/ml) was mixed with 300 ml of HGZ medium (containing 1.5% agar) at 45°C, poured into petri dishes, and incubated for 2 weeks before being tested for algicidal activities.
Isolation and identification of algicidal strain JXJ-0089. Actinomycetal strains were isolated from soil samples collected from Lushan Mountain (29°42=N, 116°26=E), China, using a serial dilution technique. The algicidal activities of obtained isolates against Microcystis sp. FACHB-905 were first screened by the agar block method. Briefly, bacterial isolates were grown on ISP 2 medium agar blocks (yeast extract-malt extract agar [45] ), which were then placed onto the Microcystis sp. FACHB-905 lawn and incubated for 3 days. Agar blocks without the isolates were used as the negative control. Isolates with a transparent lysis zone developed on the Microcystis sp. FACHB-905 lawn were putatively assigned as algicidal bacteria. Both the thickness of the Microcystis sp. FACHB-905 lawn and the diameter of the algicidal bacterial lysis zone were measured using a vernier caliper. Putative algicidal bacteria were further cultured with a solid medium (rice, 100 g; soybean meal, 15 g; glucose, 1 g; peptone, 1 g; yeast extract, 1 g; K 2 HPO 4 , 0.3 g; MgSO 4 · 7H 2 O, 0.5 g; H 2 O, 120 ml; natural pH value; sterilized at 121°C for 1 h) at 28°C for 20 days. Afterward, the solid cultures were soaked with methanol-acetone-ethyl acetate (1:1:1, vol/vol/ vol) to extract bacterial metabolites. Cell extracts were tested for algicidal activities using the disk method. Briefly, a paper disk (0.6 cm in diameter) was soaked with 50 l of extract solution, dried at 50°C to remove the solvents, and then placed on the Microcystis sp. FACHB-905 lawn. The lawn was incubated for three more days under the same conditions as those described previously. The extracts of the solid medium without the isolates were used as the negative control. Extracts of one isolate, i.e., JXJ-0089, formed transparent zones around the disks, and this isolate was selected for further analysis.
In order to determine the taxonomic identity of strain JXJ-0089, we carried out the following tests. JXJ-0089 was grown on ISP 2 culturing plates at 28°C for 14 days, after which the mycelia of strain JXJ-0089 were collected and examined for their morphological characteristics by light microscopy and scanning electron microscopy. The growth of JXJ-0089 at various temperatures (4 to 50°C), pHs (4.0 to 11.0), and NaCl contents (0 to 10%, wt/vol) was examined according to the method of Xu et al. (46) using ISP 2 medium as the basal medium. Catalase activity was determined based on the production of bubbles after the addition of a drop of 3% (vol/vol) H 2 O 2 . Oxidase activity was tested according to the method of Kovacs (47) . Other phenotypic characteristics were determined according to Goodfellow (48) and Williams et al. (49) . Enzyme activities were tested by using the commercial API ZYM system (bioMérieux, Marcy l'Etoile, France). The analyses of isomer of diaminopimelic acid and whole-cell sugars were performed according to the procedures developed by Hasegawa et al. (50) and Tang et al. (51) . Polar lipids were extracted according to Minnikin et al. (52) and analyzed as described by Collins and Jones (53) . Analysis of fatty acid was performed using standard protocols (54). The genomic DNA was isolated, and the 16S rRNA gene was amplified using the universal bacterial primers 27F (5=-AGAGTTTGATCMTGGC TCAG-3=) and 1492R (5=-TACGYTACCTTGTTACGACTT-3=). The resultant 16S rRNA gene sequence was analyzed as described above. The genomic relatedness between strain JXJ-0089 and Streptomyces eurocidicus NRRL B-1676 T was determined by the thermal renaturation method (55), using a UV-1700 spectrophotometer (Shimadzu) equipped with a DCW-2008 thermo bath.
Streptomyces sp. strain JXJ-0089 was deposited at the China Pharma-ceutical Culture Collection (CPCC), and the deposition number is CPCC 204140. Isolation and identification of algicidal compounds. Cell extract of strain JXJ-0089 was purified with silica gel columns (Qingdao Haiyang Chemical Co., Ltd.) using chloroform-methanol (1:0¡0:1, vol/vol) as the eluent of gradient elution. The resultant fractions were examined for algicidal activities using the disk method on the Microcystis sp. FACHB-905 lawn as described above. Putative algicidal fractions in the cell extract were purified again using silica gel columns with chloroform-methanol (5:1, saturated with water) as the eluent. The separated fractions were retested for algicidal activities using the disk method. The confirmed active fractions were finally purified with Sephadex LH-20 (GE Healthcare) using chloroform-methanol (1:1, vol/vol) as the eluent.
The chemical structures of the two identified algicidal compounds were determined by two spectral analyses. First, nuclear magnetic resonance (NMR) spectra (one-dimensional [1D] and 2D) were obtained on a Bruker DRX-500 MHz instrument with tetramethylsilane (TMS) as the internal standard. Then, mass spectrum analysis was performed using an AutoSpec Premier P776 spectrometer (Waters, USA).
Algicidal activities of tryptamine and tryptoline on CyanoHAB strains. The algicidal activities of two compounds purified from strain JXJ-0089 extracts, i.e., tryptamine, tryptoline, and three other compounds, i.e., tryptophan (precursor of tryptamine) (26) , gramine (an algicidal compound with similar molecular weight as tryptoline) (14), and CuSO 4 (all purchased from Sinopharm Chemical Reagent Co., Ltd., Shanghai, China; the purities of all these compounds were Ն97.5%), were examined on Microcystis sp. FACHB-905 lawns as described above. For each compound, algicidal activities were tested at four doses, i.e., 5, 10, 15, and 20 g/disk.
Both tryptamine and tryptoline were also added to liquid cultures of eight cyanobacterial strains at different concentrations (final concentrations, 1.0, 2.0, 3.0, 4.0, and 5.0 g/ml). The effects of CuSO 4 on cyanobacterial strains were tested at a final concentration of 5.0 g/ml. Cyanobacterial cultures without addition of algicidal compounds were used as controls. All the treatments and controls were set up in triplicates. After 3 days of incubation, cyanobacterial cultures were centrifuged at 4,860 ϫ g for 20 min at 4°C, and the sediments were first frozen at Ϫ20°C for 24 h and then mixed with 90% ethanol (85°C) and extracted in the dark at 20°C for 4 h before the contents of Chl-a were measured (56). Algicidal efficiency was calculated based on the following equation: algicidal efficiency (%) ϭ (1 Ϫ C t /C c ) ϫ 100%, where C c and C t represent the contents of Chl-a of the control and the algicidal compound-treated samples, respectively. The 50% effective concentration (EC 50 ) value was calculated using linear interpolation analysis.
Effects of tryptamine and tryptoline on the morphology of cyanobacterial strains. Microcystis sp. FACHB-1112 was found to be the most sensitive to algicidal compounds among the 8 tested cyanobacterial strains; it was used to subsequently study the influences of the algicidal compounds on the morphology of cyanobacteria by scanning electron microscopy. For sample preparation, Microcystis sp. FACHB-1112 cells were harvested from HGZ liquid culture at the exponential phase and then exposed to algicidal compounds (5 g/ml) for 3 days. Treated Microcystis sp. FACHB-1112 cells were collected by centrifugation for 10 min at 25°C, 2,000 ϫ g. The resultant sediment was soaked in a solution containing 2.5% glutaraldehyde and phosphate-buffered saline (PBS) solution (100 mM, pH 7.0) at 4°C for 1 h. After removing the solution, cells were successively dehydrated for 4 min by 50, 70, 80, 90, and 100% ethanol. Finally, cells were dried on clean coverslips in vacuum drying apparatus and coated with gold for analysis. Microcystis sp. FACHB-1112 cells without treatments with algicidal compounds were used as controls. The morphology of filamentous cyanobacteria was observed by using an optical microscope after a 3-day exposure to algicidal compounds (5 g/ml).
Effects of algicidal compounds on Microcystis sp. FACHB-905. FACHB-905 is a Microcystis sp. strain with the ability to produce a high content of microcystins (57); it was used in this test. Tryptamine, tryptoline, or CuSO 4 (final concentration, 5 g/ml) was added to triplicate fresh HGZ cultures of Microcystis sp. FACHB-905 (1 ϫ 10 7 CFU/ml), and the cultures were incubated for a total of 8 days under the same conditions as those described previously. Samples were taken from the culture every 24 h and then centrifuged at 4,860 ϫ g for 20 min at 4°C. The resultant supernatants were used for measuring the concentrations of tryptamine and tryptoline and the contents of extracellular MC-LR. The resultant sediments were used for measuring the contents of Chl-a and intracellular MC-LR.
The concentrations of tryptamine and tryptoline were measured using high-pressure liquid chromatography (HPLC) after the supernatants were filtered through a 0.45-m filter. The HPLC system consisted of an Agilent 1200 LC equipped with a quaternary pump, vacuum degasser, autosampler, diode-array detector, and LC 3D ChemStation and an Agilent LC C 18 column (Zorbax Eclipse Plus C18, 5 m, 4.6 by 150 mm; Agilent, USA). The mobile phase in channel A was water, and the mobile phase in channel B was methanol. Elution was performed with 45% B for 15 min at a flow rate of 1 ml/min. The absorbance was monitored at 280 nm.
Extracellular MC-LR content was measured according to a method described previously (37) . Before measurement, the supernatant was concentrated to 1/10 of its original volume by freeze-drying and filtered through a 0.45-m filter. The intracellular MC-LR was extracted as follows. After three cycles of freezing at Ϫ80°C and thawing at 40°C, cell sediments were extracted with 10 ml of acetone-deionized water (1:1, vol/vol) and freeze-dried. The dried material was then resuspended in 0.5 ml of methanol-deionized water (1:1, vol/vol) and filtered through a 0.45-m filter, and then the filtrate was analyzed for intracellular MC-LR by HPLC as described previously (37) .
The Chl-a content and the algicidal efficiencies of tryptamine, tryptoline, and CuSO 4 were examined using the method described previously. 7 CFU/ml) with algicidal compounds. Both control (without the algicidal compounds) and treatment samples (treated with 5 g/ml of tryptamine or tryptoline) were collected and centrifuged at 4,860 ϫ g for 20 min at 4°C. The cell extract was prepared by using the cell pellets according to the method described by Hong et al. (14) . Briefly, cell pellets were homogenized by using an ultrasonic cell pulverizer (JY92-2DN; Xinzhi Co., Ningbo, China) at 200 W for 5 min (ultrasonic time, 2 s; rest time, 8 s) under ice bath cooling. Then, the homogenate was centrifuged at 12,000 ϫ g for 10 min at 4°C. The content of protein in the cell extract was measured by using the Coomassie brilliant blue G-250 method (58) . O 2 Ϫ content was determined using a spectrophotometric method (59). The reaction for measuring the content of O 2 Ϫ included two steps: (i) 2 ml cell extract, 1.5 ml PBS solution (65 mM, pH 7.8), and 0.5 ml hydroxylamine hydrochloride (10 mM) were mixed and incubated at 25°C for 20 min; (ii) 2 ml reaction mixture from step i, 2 ml sulfanilic acid (17 mM, containing 270 mM hydrochloric acid), and 2 ml ␣-naphthylamine (7 mM, containing 400 mM acetic acid) were mixed and incubated at 30°C for 30 min. Then, the absorbance of the reaction mixture of step ii was measured at 530 nm, and the O 2 Ϫ content was calculated from the standard curve as described previously (59) .
SOD activity was determined using the nitroblue tetrazolium (NBT) method (58) . The reaction mixture contained 1.9 ml PBS solution (50 mM, pH 7.8, containing 100 M EDTA), 0.3 ml methionine solution (220 mM), 0.3 ml NBT solution (1.25 mM), 0.3 ml riboflavin solution (33 M), and 0.2 ml cell extract. The negative control was wrapped in aluminum foil to prevent any photochemical reaction of NBT, while no cell extract was added to the positive control to ensure the full photochemical reaction of NBT. The absorbances of the reaction mixtures were measured at 560 nm after 20 min of irradiation with 50 mol photon/m 2 /s at 25°C. One unit of SOD activity is defined as the amount of enzyme required to inhibit 50% photochemical reaction of NBT.
MDA contents were determined using the thiobarbituric acid (TBA) method (58). Two milliliter cell extract and 2 ml thiobarbituric acid reagent (0.5% in 10% trichloroacetic acid) were mixed together and heated for 20 min at 100°C. The mixture was cooled and centrifuged at 12,000 ϫ g for 5 min at 4°C. The absorbance of the supernatant was measured at 450 nm, 532 nm, and 600 nm. MDA contents were calculated based on the following equation: C MDA (M) ϭ 6.45 ϫ (OD 532 Ϫ OD 600 ) Ϫ 0.56 ϫ OD 450 , where OD 450 , OD 532 , and OD 600 represent the absorbance values of the supernatants at 450 nm, 532 nm, and 600 nm, respectively.
Statistical analyses. Statistical analyses were performed using the SPSS15.0 software. Data were expressed as the means Ϯ standard deviations (SD). Comparisons of algicidal efficiency, SOD activity, and the contents of O 2 Ϫ , MDA, and MC-LR between treatments and controls were carried out using analysis of variance (ANOVA) followed by Tukey's pairwise comparisons. Significance was set at P values of Ͻ0. 05 . Accession number(s). Near-full-length sequences of 16S rRNA genes (1,038 to 1,572 bp) of JXJ-0089, FACHB-245, FACHB-252, FACHB-905, FACHB-1092, FACHB-1112, FACHB-1171, FACHB-1284, and FACHB-1285 were submitted to GenBank database under the accession numbers KP193140 and KU645905 to KU645912, respectively. Analysis of the 16S rRNA gene sequences revealed that FACHB-905, FACHB-1112, FACHB-1284, and FACHB-1285 belonged to the genus Microcystis, and they formed distinct clades with the strains of genus Microcystis (Fig. 1) ; another four strains, FACHB-245, FACHB-252, FACHB-1092, and FACHB-1171, belonged to the genera Anabaena, Nostoc, Synechococcus, and Aphanizomenon, and they formed distinct clades with the strains of these genera, respectively (Table 1; mental material). All of their 16S rRNA gene sequences were deposited in GenBank (Table 1) . Isolation and characterization of algicidal strain JXJ-0089. Strain JXJ-0089 developed transparent zones around its agar plugs on the Microcystis sp. FACHB-905 lawn after 3 days of incubation. Meanwhile, no transparent zone was observed around any agar blocks of no-cell controls. Furthermore, metabolites extracted from the solid cultures of strain JXJ-0089 showed algicidal activities on the Microcystis sp. FACHB-905 lawn. Therefore, strain JXJ-0089 and its metabolites were selected for further analysis.
RESULTS
Taxonomic
Multiple lines of evidence showed that JXJ-0089 was a strain of S. eurocidicus. JXJ-0089 grew well on ISP 2, ISP 3, ISP 5, peptonedextrose agar (PDA), Gauze's medium no. 1, and nutrient agar but moderately on ISP 4 and poorly on Czapek's agar. The temperature range of its growth was 4 to 45°C (with optimum growth at about 30°C). JXJ-0089 tolerated NaCl up to 7% (wt/vol). The pH range of JXJ-0089 growth was 5 to 10 (with optimum growth at pH 7 to 8). At maturity, the aerial mycelia formed whorled straight spore chains similar to what is seen with S. eurocidicus (60). The spores were off-white and ellipsoid. The strain could utilize glucose, arabinose, fructose, galactose, lactose, maltose, mannose, sorbitol, succinic acid, or xylose as the sole carbon source but not cellobiose, dulcite, inositol, mannitol, raffinose, rhamnose, sodium malate, trehalose, or xylitol. The bacterium could also use alanine, arginine, asparagine, glycine, histidine, hydroxyproline, hypoxanthine, lysine, methionine, ornithine, phenylalanine, proline, serine, threonine, tyrosine, valine, or xanthineas as the sole nitrogen source but not glutamic acid. Strain JXJ-0089 showed positive for catalase, degradation of Tween 20, 40, 60, and 80, milk peptonization and coagulation, gelatin liquefaction, starch hydrolysis, carboxymethylcellulose (CMC) degradation, melanin formation, and H 2 S production but negative for urease test. The cell wall contains LL-diaminopimelic acid (LL-DAP) and glycine, and the whole-cell hydrolysates contain rhamnose (40.16%), galactose (27.35%), glucose (14.64%), mannose (9.04%), and ribose (8.81%). Phospholipids are diphosphatidylglycerol, phosphatidylethanolamine, phosphatidylinositol mannosides, and an unknown phospholipid. The major fatty acids are iso-C 16:0 (27.0%), anteiso-C 15:0 (25.2%), anteiso-C 17:0 (9.4%), iso-C 15:0 (8.1%), iso-C 14:0 (7.5%), anteiso-C 17:1 w9c (6.0%), iso-H C 16:1 (3.4%), C 16:1 (2.5%), iso-C 17:0 (2.3%), and cyclo-C 17:0 (2.1%). Analysis of the near-full-length 16S rRNA gene sequence (1,529 bp) revealed that strain JXJ-0089 belongs to the genus Streptomyces and forms a distinct clade with Streptomyces eurocidicus NRRL B-1676 T (99.73% sequence similarity; see Fig. S2 in the supplemental material). The DNA-DNA hybridization value between strain JXJ-0089 and S. eurocidicus NBRC 13491
T was 81% Ϯ 3%, which was higher than 70%, the threshold value suggested for the delineation of genomic species (61). Based on the data above, strain JXJ-0089 was annotated as S. eurocidicus JXJ-0089.
Isolation and identification of algicidal compounds. Two active compounds in the metabolites of JXJ-0089 were isolated as colorless crystal (in methanol). Data from NMR (Table 2) ϩ at m/z 345) analyses determined that the two active compounds were tryptamine (C 10 H 12 N 2 ) and tryptoline (C 11 H 12 N 2 ). These results were confirmed by 2D NMR analysis (see Fig. S3 in the supplemental material) .
Algicidal activities of tryptamine and tryptoline. Lysis zones on the Microcystis sp. FACHB-905 lawn (ϳ4.77 mm thick) clearly appeared around disks soaked with tryptoline and CuSO 4 (5 to 20 g/disk) after 12 h of incubation and around disks soaked with tryptamine (5 to 20 g/disk) after 24 h of incubation. At any tested dose of the algicidal compounds, the lysis zones were the clearest around disks with CuSO 4 , followed by tryptoline and then tryptamine in the first 2 days. After 4 days, the lysis zones caused by the three compounds showed similar extents of transparency (see Fig. S4 in the supplemental material). In addition, the diameters of lysis zones around CuSO 4 disks were larger than those caused by tryptamine (P Ͻ 0.05) and similar to those caused by tryptoline at the dose of 5 g/disk. However, the diameters of lysis zones around CuSO 4 disks were smaller than those around disks of tryptamine and tryptoline at each of the higher (10, 15, and 20 g/disk) doses (P Ͻ 0.05 and P Ͻ 0.01, respectively) ( Table 3 ). The other two tested compounds, i.e., tryptophan and gramine, showed no or significantly lower algicidal activity, respectively, at any of the tested doses (P Ͻ 0.01).
In liquid media, the algicidal activities of both tryptamine and tryptoline generally increased with the concentration of the compounds (P Ͻ 0.05) (Fig. 2) . At 1 g/ml, tryptamine showed no influence on the growth of Microcystis sp. FACHB-1284 and even promoted the growth of Microcystis sp. FACHB-1285 by 16% (P Ͻ 0.05). At most tested doses, tryptoline exhibited stronger algicidal activities on the 8 tested cyanobacterial strains than did tryptamine (P Ͻ 0.05) ( Fig. 2 and Table 4 ). At 5 g/ml, tryptoline and tryptamine exhibited stronger algicidal activities on 5 and 3 of 8 tested cyanobacteria than CuSO 4 , respectively (P Ͻ 0.05) (Fig. 3) . a Data are expressed as means Ϯ standard deviations (n ϭ 3); statistical comparisons with copper sulfate treatments were made using ANOVA (*, P Ͻ 0.05; **, P Ͻ 0.01).
Influences of algicidal compounds on Chl-a and MC-LR contents of Microcystis sp. FACHB-905. The algicidal efficiencies of tryptamine, tryptoline, and CuSO 4 on Microcystis sp. FACHB-905 increased from 6%, 8%, and 17% on day 1 to 80%, 100%, and 98% on day 8, respectively. Meanwhile, tryptamine and tryptoline were degraded ( Table 5 ). The degradation rates were low in the first 3 days (8% and 12% degradation, respectively) and quickly increased afterwards. By day 8, neither tryptamine nor tryptoline could be detected in Microcystis sp. FACHB-905 cultures.
Intracellular MC-LR contents of the nontreated Microcystis sp. FACHB-905 cells (controls) gradually increased from 213.4 g/ liter on day 1 to 300.1 g/liter on day 8 of incubation. In tryptamine-and tryptoline-treated cells, the intracellular MC-LR contents reached 303.9 g/liter and 287.7 g/liter, respectively, within 1 day and significantly decreased to 76.9 g/liter and 17.5 g/liter on day 8, respectively ( Fig. 4a) . In contrast, the intracellular MC-LR content in CuSO 4 -treated cells significantly decreased on day 1 relative to the controls (ϳ70% reduction), and no MC-LR was detected on day 4 (Fig. 4a) .
Extracellular MC-LR contents of the nontreated Microcystis sp. FACHB-905 cells (controls) remained largely unchanged during the first 3 days of incubation (ϳ200 g/liter) and doubled by days 7 and 8 ( Fig. 4b) . In contrast, significant increases in extracellular MC-LR contents were observed much earlier in algicidal compound treatments, i.e., on days 1, 2, and 3 for CuSO 4 , tryptamine, and tryptoline, respectively (P Ͻ 0.01) (Fig. 4b) .
The sum of the intracellular and extracellular contents, i.e., the total MC-LR contents, were significantly higher in algicidetreated cyanobacterial cells than no-treatment controls (P Ͻ 0.05) after 24 h of incubation (Fig. 4c) . A similar pattern (higher total MC-LR content in treatments than controls) was maintained until day 5 for both tryptoline and CuSO 4 treatments and until day 6 for tryptamine treatment. Afterwards, the total MC-LR contents in the treatments became significantly lower than in the controls. On day 8, total MC-LR contents in tryptamine, tryptoline, and CuSO 4 treatments were 17%, 47%, and 49% lower than those of controls (P Ͻ 0.01), respectively.
Morphological damage of cyanobacteria by tryptamine and tryptoline. Tested cyanobacterial cells were seriously damaged after exposure to tryptamine and tryptoline. The surfaces of Microcystis sp. FACHB-1112 cells were crumpled and collapsed after 3 days of exposure to tryptamine or tryptoline (5 g/ml). Tryptoline appeared to cause more serious damage than tryptamine at the same concentrations (Fig. 5) . In addition, after tryptamine or tryptoline (5 g/ml) treatment, filamentous cyanobacteria, including Anabaena sp. FACHB-245, Aphanizomenon sp. FACHB-1171, and Nostoc sp. FACHB-252, gradually changed from bluegreen to yellow. Moreover, the cell strands of most of the 44.65 and 46. 14 U/mg protein) at low levels throughout the incubation (Fig. 6) . In tryptamine-and tryptoline-treated (5 g/ml) cells, the contents of O 2 Ϫ and MDA were significantly higher ( Fig. 6a and b) (P Ͻ 0.01). After 60 h, O 2 Ϫ and MDA contents were 368% (11.29 g/mg protein) and 385% (0.0119 mol/mg protein) higher than those of controls, respectively, in tryptamine-treated cells and 516% (14.84 g/mg protein) and 535% (0.0172 mol/mg protein) higher than those of controls, respectively, in tryptoline-treated cells (P Ͻ 0.01). SOD activities were also affected remarkably by both tryptamine and tryptoline (5 g/ml) (Fig. 6c) . SOD activity quickly increased to 61.39 U/mg protein in tryptamine treatments and 70.00 U/mg protein in tryptoline treatments after 24 h, which were 37% and 56% higher than those of the control, respectively (P Ͻ 0.01). The SOD activities decreased quickly afterwards for both tryptamine-and tryptoline-treated cells.
FIG 2 continued
DISCUSSION
S. eurocidicus can secrete many active compounds, such as tertiomycin, azomycin, and eurocidin (62) . In this study, we report that Streptomyces eurocidicus JXJ-0089 can secrete tryptamine and tryptoline. These two compounds have previously been found only in plants (26) and animals (36) . Tryptamine and tryptoline showed algicidal activities on most of the tested bloom-forming cyanobacteria strains that were similar to or higher than (up to 2.5-fold) that of a commonly used algicide, CuSO 4 (P Ͻ 0.05 or P Ͻ 0.01), suggesting their potential as alternative reagents to treat CyanoHABs.
One concern in using algicides to treat CyanoHABs is that they may increase the production and release of cyanotoxins (7, 33, 63) , which may increase toxin levels and aggravate rather than solve water quality problems (63, 64) . As has been observed, CuSO 4 , tryptamine, and tryptoline caused similar increases in the intracellular, extracellular, and total MC-LR contents in Microcystis sp. FACHB-905 cultures. However, CuSO 4 caused 78.8% release of the intracellular MC-LR on day 1, which resulted in a steep increase (121.1%) of extracellular MC-LR content. In contrast, tryptamine and tryptoline caused a 2 to 4% release of the intracellular MC-LR and a 1% increase of the extracellular MC-LR content on day one. The low release of toxins also was observed on day 2 for both tryptamine (17%) and tryptoline (3%). Therefore, CuSO 4 was more powerful to release the intracellular MC-LR and increase the extracellular MC-LR content than both tryptamine and tryptoline. When comparing tryptamine and tryptoline, the latter showed higher algicidal efficiency (P Ͻ 0.05 or P Ͻ 0.01), quicker reaction, and shorter residue time than the former. Another concern in applying algicides to treat CyanoHABs is leaving harmful chemical residuals that cause secondary contamination (65). CuSO 4 is not only an algicide but also a fungicide and insecticide (66, 67) . Similarly, the function of tryptamine and tryptoline is much broader than lysing cyanobacteria. Tryptamine is a natural insecticide (68) and the precursor of phytohormone indole-3-acetic acid (IAA) (69). Tryptamine and tryptoline also carry out important physiological functions in animal cells, such as neuromodulation (70, 71) , modulating the effect of serotonin, antidopaminergic effect (72) , and selective inhibition of monoamine oxidase (73) . Due to their broad biological functions and potential to cause negative impacts on nonalgal or noncyanobacterial organisms, rapid degradation of algicides after treatment is desirable. On the other hand, the short decomposition time of algicides causes low algal cell lysing efficiency and typically requires frequent reapplications to maintain algicides at effective concentrations. For example, the algicide transferulic acid can be completely broken down within 48 h after application; even with multiple applications (6 times in 2 months, at a final concentration of 5 M every time), it still failed to control a bloom of Oscillatoria perornata (74) . CuSO 4 is resistant to decomposition; it can be persistent at high concentrations for months in aquatic environments, though it probably loses its toxicity to cyanobacte- Comparisons between treatments and controls were performed using ANOVA. Significant differences are shown by asterisks: *, P Ͻ 0.05; **, P Ͻ 0. 01. ria within 48 h because of complexation after application (75) . This is a main reason for the recent reduction in use of CuSO 4 to treat CyanoHABs. Our results suggest that tryptamine and tryptoline (5 g/ml) may remain effective for about 1 week before being completely decomposed. Therefore, tryptamine and tryptoline have longer effective times than transferulic acid and will not be persistent in the environment like CuSO 4 .
Our study shows that tryptamine and tryptoline inhibit the growth of cyanobacterial cells in multiple ways, including promoting ROS production (e.g., O 2 Ϫ ), inhibiting the synthesis of antioxidants, degrading and/or inhibiting chlorophyll, damaging the cellular membrane system, and degrading cell walls. Churro et al. (27) found that Aphanizomenon gracile (cyanobacterium) was less efficient in scavenging ROS induced by tryptamine than Ankistrodesmus falcatus (Chlorophyceae), and serious lipid peroxidation happened only in A. gracile after tryptamine exposure, which led to irreversible membrane damages and no growth recovery only in A. gracile. This suggested that promoting ROS production and inhibiting the synthesis of antioxidants are probably the main mechanisms involved in tryptamine and tryptoline killing cyanobacteria, which may lead to a number of secondary effects, such as degradation and/or inhibition of chlorophyll and damage to cellular membrane systems and cell walls of cyanobacteria. Similarly, CuSO 4 toxicity may also result from inhibiting the antioxidants (such as reduced glutathione and catalase) and inducing the accumulations of ROS in the algal cells (76) . In contrast, lysine has no significant influence on SOD activity and cellular membrane system (77) , it might replace meso-diaminopimelic acid of peptidoglycan (an important component of cyanobacterial cell wall), which resulted in the collapse of the cell wall of M. aeruginosa (78) .
Tryptophan, gramine, tryptamine, and tryptoline are all indole derivatives (Fig. 7) . However, they showed significant differences in algicidal activities in our experiments. This suggests that the changes in the side chains of the indole ring of these compounds may affect algicidal activity. This finding is in accordance with studies on algicidal activities of other indole alkaloids such as harmane, norharmane, and norharmalane (25) , which concluded that the double bond in position 3-4 and possibly the 1-methylgroup increased the cytotoxic effect of these indole alkaloids.
In conclusion, Streptomyces eurocidicus JXJ-0089 may kill cyanobacterial species by secreting the algicidal compounds tryptamine and tryptoline. The primary algicidal mechanisms of these two indole compounds might be through promoting ROS production and inhibiting synthesis of antioxidants. Destruction of chlorophyll, lipid peroxidation, and damage to the cellular membrane system and cell walls may be secondary effects of these algicidal compounds. Compared with a widely used algicide, CuSO 4 , tryptamine and tryptoline, especially the latter, have advantages in having greater cyanobacteria removal efficiency, releasing a smaller amount of intracellular MCs, and posing less risk of secondary contaminations (because of their faster degradation rate). However, both tryptamine and tryptoline have a wide range of biological functions and a variety of pharmacological properties; more studies are needed to ensure the safe use of these two compounds in natural environments.
